Studies have converged in their findings of relatively less gray matter volume (GMV) in developmental dyslexia in bilateral temporoparietal and left occipitotemporal cortical regions. However, the interpretation of these results has been difficult. The reported neuroanatomical differences in dyslexia may be causal to the reading problems, following from, for example, neural migration errors that occurred during early human development and before learning to read. Alternatively, less GMV may represent the consequence of an impoverished reading experience, akin to the experience-dependent GMV differences attributed to illiterate compared with literate adults. Most likely, a combination of these factors is driving these observations. Here we attempt to disambiguate these influences by using a reading level-matched design, where dyslexic children were contrasted not only with age-matched controls, but also with younger controls who read at the same level as the dyslexics. Consistent with previous reports, dyslexics showed less GMV in multiple left and right hemisphere regions, including left superior temporal sulcus when compared with age-matched controls. However, not all of these differences emerged when dyslexics were compared with controls matched on reading abilities, with only right precentral gyrus GMV surviving this second analysis. When similar analyses were performed for white matter volume, no regions emerged from both comparisons. These results indicate that the GMV differences in dyslexia reported here and in prior studies are in large part the outcome of experience (e.g., disordered reading experience) compared with controls, with only a fraction of the differences being driven by dyslexia per se.
Introduction
Developmental dyslexia, a common reading disability that occurs in 5-12% of the population, has been attributed to a languagebased deficit in phonological processing (Lyon et al., 2003) . The earliest evidence of anatomical differences in dyslexia came from postmortem studies that revealed an absence of the typical leftward asymmetry of the planum temporale observed in nondyslexic brains (Galaburda and Kemper, 1979) , as well as cortical anomalies (ectopias) indicative of neuronal migration errors during development, primarily in left hemisphere perisylvian regions (Galaburda et al., 1985; Humphreys et al., 1990) . Following significant advances in both imaging technology and standardization of analysis tools for brain morphometric measurement, there have been many in vivo examinations of gray matter volume (GMV) using voxel-based morphometry (VBM) in the last decade. Such studies in dyslexia have found reduced GMV in several brain regions, usually including left hemisphere perisylvian cortex, thought to be involved in written language. Recent metaanalyses report convergence to left superior temporal sulcus and right superior temporal gyrus (Richlan et al., 2013) ; and to bilateral supramarginal gyrus and cerebellum, left fusiform gyrus, and right superior temporal gyrus (Linkersdörfer et al., 2012) .
While these reports speak to consistency across studies, an unresolved question is whether these reductions in GMV are the cause of the reading problems or a consequence of the disordered reading experience of those with dyslexia relative to their peers (Linkersdörfer et al., 2012) . There is evidence to suggest that anatomical anomalies may precede the reading problems encountered by dyslexics. Microstructural differences observed in dyslexia at postmortem have been attributed to anomalies in early development (Galaburda et al., 1985) . These in turn may give rise to gross anatomical differences, reflected in reduced GMV in studies of dyslexia. At the same time, GMV is known to change following skill acquisition (May and Gaser, 2006) , including reading, as evidenced by greater GMV in posterior perisylvian cortex in individuals who learn to read as adults compared with illiterates (Carreiras et al., 2009) . These studies in adults suggest that when development is taken out of the equation, GMV growth can unambiguously be attributed to learning experiences.
Distinguishing those characteristics causal to dyslexia from those that are the consequence of disordered reading experience is critical in identifying its correct etiology and treatment. For example, dyslexic readers show a relative deficit in phonological processing that not only has been attributed to their impoverished reading experience, but also has been shown to be worse than the phonological processing skills exhibited by younger children who read at the same level. This latter observation was derived from reading level-matched studies (Goswami and Bryant, 1989) and demonstrates that the weakness in phonological processing in dyslexia is specific to the reading deficit and not simply a reflection of lower reading levels in dyslexia (Goswami and Bryant, 1989 ). Here we apply this approach to an investigation into anatomical differences in dyslexia, which, like phonological skills, are thought to be affected by dyslexia but also modulated by reading experience.
Materials and Methods
Subjects and subject-testing procedures. Participants were 15 children with dyslexia (six boys, nine girls), most recruited from a private school that specializes in teaching students with dyslexia (n ϭ 13), but some from a public school (n ϭ 2), and 30 typically reading children (17 boys, 13 girls) recruited from the general population to serve as controls. Inclusion criteria for the dyslexic children were as follows: (1) a documented history of dyslexia, as reported by the school; (2) single real-word reading standard score of Ͻ92 (Woodcock-Johnson III Tests of Achievement, Letter-Word Identification subtest; Woodcock et al., 2001 ); (3) Full Scale IQ Ͼ80 (Wechsler Abbreviated Scale of Intelligence; Wechsler, 1999); (4) monolingual English speaker; and (5) no significant medical, neurological, or psychiatric illness. For the control children, the inclusion criteria were identical except that they had no history of learning disabilities and their real-word reading standard scores were Ͼ92. All children were screened before entering the study to ensure they had no history of neurodevelopmental disability, congenital or acquired neurological disorder (such as a traumatic brain injury, disease affecting brain function, or known history of birth complications), or a diagnosis of specific language or hearing impairment. They also had no contraindication to MRI scanning, such as metallic implants, plates or pins, or claustrophobia.
Study design. To replicate previous investigations into GMV and white matter volume (WMV) in dyslexics compared with age-matched controls, we used experimental and analytical methods consistent with prior studies. In addition, we conducted a comparison of the same dyslexics with a younger, reading level-matched control group. Analyses of the first between-group comparison revealed differences driven by factors related to dyslexia per se as well as reading experience. The second comparison was conducted to remove the influence of reading experience and revealed differences more likely to be attributed to dyslexia. Half of the typically reading children (n ϭ 15) constituted the chronological age-matched control group (control AGE; n ϭ 15) by which to compare the dyslexic group. The other half of the typically reading children (n ϭ 15) formed the younger, reading level-matched control group (control READ; n ϭ 15). This group was therefore equivalent to the dyslexic group in their reading performance (matched using the single real-word reading-age equivalent; Table 1 ). The dyslexic group was matched on performance IQ to the age-matched controls and also to the reading level-matched controls (Table 1) .
The study was approved by the Institutional Review Board of Georgetown University Medical Center. Parent consent and child assent were obtained. Subjects received book vouchers and choices of prizes for their participation.
Behavioral testing. Psychoeducational tests were administered to evaluate single-word reading accuracy and reading comprehension. All measures of reading described here provide age-referenced standardized scores with a mean of 100 and an SD of 15. Standard score averages are reported for the chronological age-matched comparisons of dyslexics versus controls in Table 1 . However, for the reading level-matched comparisons of dyslexics and controls, reading age was used to ensure groups were matched for single real-word reading. Average reading ages are reported in the portion of the table describing the dyslexic sample and their reading level-matched control group.
Single real-word reading entailed untimed, out-loud reading of single real words of increasing difficulty and was assessed using the LetterWord Identification subtest from either the Woodcock-Johnson III Tests of Achievement (Woodcock et al., 2001) or the Woodcock Reading Mastery Tests-Revised (Woodcock, 1987) . Reading comprehension was assessed via the Passage Comprehension subtest (Woodcock-Johnson III Tests of Achievement; Woodcock et al., 2001 ) and required subjects to fill in the missing word of a sentence. As can be seen in Table 1 , the dyslexics and controls matched on age differed in their standardized scores of out-loud reading of single words and comprehension of silently read text. However, the younger controls were deliberately matched to the dyslexics on these skills using measures of reading age.
Handedness was determined in all subjects using the Edinburgh Handedness Inventory (Oldfield, 1971) . Twenty-one subjects were determined to be right-handed (laterality quotient, Ͼ33), three were lefthanded (laterality quotient, ϽϪ33; one age-matched control, one reading level-matched control, and one dyslexic), and six were not strongly lateralized (two age-matched controls, three reading levelmatched controls, and one dyslexic).
Imaging procedures. Anatomical MRI scans were acquired on a 3.0 tesla Siemens Trio whole-body MRI system. High-resolution T1-weighted 3D MPRAGE images were acquired for each subject: TR/TE, 1600/4.38 ms; 256 ϫ 256 field of view; 160 mm slab thickness; 256 ϫ 256 ϫ 160 matrix (effective resolution is 1.0 mm 3 ); one excitation; 15°flip angle. All subjects participated in functional MRI studies as part of the protocol. For most subjects, three structural MRI scans were acquired, with some subjects receiving fewer or more scans, depending on time and subject compliance. In a population that is susceptible to head motion, multiple scan acquisition is one way to increase chances of obtaining an artifact-free image, given that a single, short head movement during the scan's acquisition cannot be removed and can significantly degrade image quality. All images were inspected and rated by two research assistants blind to the subjects' diagnostic group. For each subject, the scan with the least motion artifact was used for analysis. Retrospective analysis of the raters' average scores revealed no significant differences in the mean rating scores for the dyslexic versus control groups for both the age-matched and reading level-matched comparisons.
Preprocessing and analysis. Structural MRI scans were preprocessed using VBM in SPM8 (Wellcome Department of Imaging Neuroscience, 
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London, UK), with the modulation option selected such that resulting analyses represent tissue volume as opposed to density. Because the analyses requires the generation of a study-specific template that is an average of all (and only those) participants who are included in the specific statistical analysis (see below), separate preprocessing was performed for the analyses using age-matched groups and for the analyses using reading level-matched groups. The following processing steps were completed: (1) each subject's image was manually aligned to the anterior commissure to decrease variability and coregistered to the SPM8 white matter template; (2) images were segmented into gray matter, white matter, and CSF using the New Segment toolbox (Ashburner and Friston, 2005) ; (3) DARTEL (Diffeomorphic Anatomical Registrations Through Exponentiated Lie Algebra) was used to register each structural image to a custom, study-specific template derived from the subject's images; (4) the template file generated by DARTEL was affine registered to more closely align and spatially normalize the images to Montreal Neurological Institute (MNI) space; and (5) the resulting images were smoothed using an 8 mm full-width at half-maximum Gaussian kernel, and an intensity threshold of 0.2 was used to remove voxels of low intensity from the analysis and to prevent possible edge effects.
Between-group differences for GMV and WMV contrasting the dyslexics with both the age-matched and reading level-matched groups were generated using two-sample t tests in SPM8. Height thresholds of p Ͻ 0.01 uncorrected and extent thresholds of p Ͻ 0.01 corrected were applied. Analyses were conducted using both the typical familywise-error (FWE) correction as well as a nonstationary cluster correction (Hayasaka et al., 2004) . Previous studies on dyslexia have used both of these types of cluster-level corrections; we have included both here for greater ease of comparison with the existing literature and as a way to abide by the current trend of a more stringent analysis approach. Our sample sizes are also consistent with previous studies of GMV in dyslexia, again to provide consistency with the literature. Peak coordinates as reported by SPM8 were converted from MNI to Talairach space. Anatomical labels were assigned using the anatomy toolbox included with SPM8 and verified by two independent investigators using the Talairach Atlas (Talairach and Tournoux, 1988) . Total intracranial volume (TIV) was calculated by adding WMV, GMV, and CSF (after intensity thresholding) for each subject. There were no differences in TIV between the dyslexic and control groups for the age-matched comparison or reading level-matched comparison. Importantly, no differences were observed in total gray matter or total white matter between groups. This is consistent with previous studies of dyslexia (Vinckenbosch et al., 2005; Evans et al., 2013) and, just as in these studies, we did not include these variables in the analysis presented. However, to address any possible concerns about the role of total GMV (Peelle et al., 2012), we also conducted the analysis with it as a regressor of no interest and found the central findings of our study to be the same.
In addition to conducting whole-brain between-group comparisons of dyslexics with controls (both age-matched and reading levelmatched), we used any areas resulting from the comparisons of dyslexics with age-matched controls as regions of interest (ROIs) in the analyses contrasting the dyslexics with the reading level-matched controls. As such, this strategy uses one control group to define the regions and another to test for differences, while including the same dyslexic group in both, consistent with the reading level-matched design, and as implementation in functional MRI studies of dyslexia (Hoeft et al., 2007) . Examining these specific ROIs provides another opportunity to discover subtle differences that may not have survived the whole-brain analysis. Extraction of GMV and WMV signal from these clusters was performed using the MarsBaR toolbox (Brett et al., 2002) . This process extracts the average intensity from the voxels within the region identified for each subject. Two-sample t tests were performed on the extracted intensity for each ROI, and p values were Bonferroni corrected for multiple comparisons.
Results

GMV whole-brain comparisons
For the controls Ͼ dyslexics chronological age-matched comparison, five clusters were found (height threshold p Ͻ 0.01 uncorrected, FWE cluster corrected p Ͻ 0.01; Fig. 1A ; Table 2 ). Two were located in the left hemisphere: midposterior temporal lobe (BA 21), located mostly in middle temporal gyrus, extending into superior temporal gyrus; and anterior cingulate gyrus (BA 24). Whole-brain matter volume differences in dyslexics when compared with either age-matched or reading levelmatched controls. A, GMV differences. Whole-brain renderings for the GMV comparisons between dyslexics with both agematched and reading level-matched groups at a height threshold of p Ͻ 0.01 uncorrected, and a cluster level threshold of p Ͻ 0.01 FWE corrected. Age-matched controls showed greater GMV than dyslexics in left middle temporal gyrus, left anterior cingulate gyrus, right precentral gyrus, right middle frontal gyrus, and right anterior superior temporal gyrus. No significant results were found for the dyslexics Ͼ controls contrast when matched on age. Reading level-matched controls showed greater GMV than dyslexics in right precentral gyrus. Dyslexics showed greater GMV than the reading level-matched controls in left middle temporal gyrus. See Table 2 for details on all clusters. B, WMV differences. The same whole-brain renderings as in A, but this time for WMV comparisons of dyslexics and the two control groups. Age-matched controls showed greater WMV than dyslexics in left paracentral lobule, left middle frontal and superior frontal gyrus, right middle frontal gyrus, right precentral gyrus, right WM anterior to the thalamus, and right subgyral temporal WM. No significant results were found for the dyslexics Ͼ controls contrast when matched on age. Also, no significant results were found for the controls Ͼ dyslexics contrast for the reading level-matched comparison. Dyslexics showed greater WMV than reading level-matched controls in right WM just lateral to the putamen. See Table 3 for details on all clusters.
Three right-hemisphere clusters were identified: precentral gyrus (BA 6), middle frontal gyrus (BA 10) extending into inferior frontal gyrus (BA 46), and anterior superior temporal gyrus (BA 38). This contrast was repeated using a nonstationary clusterlevel correction ( p Ͻ 0.01 corrected), as this has been suggested to better account for VBM data (see Materials and Methods). When this correction is applied, only the left middle temporal gyrus (BA 21) and right precentral gyrus (BA 6) clusters survived.
The reverse contrast (dyslexics Ͼ controls) revealed no significant results using either the FWE or nonstationary cluster corrections.
For the controls Ͼ dyslexics reading level-matched comparison, one cluster was identified (height threshold p Ͻ 0.01 uncorrected, FWE cluster corrected p Ͻ 0.01; Fig. 1A ; Table 2 ): right precentral gyrus (BA 6) extending into postcentral gyrus. The location of this cluster is very close to one found in the agematched comparison above and is the only cluster that emerged from both the age-matched and reading level-matched comparisons. When the nonstationary cluster correction ( p Ͻ 0.01 corrected) was applied, there were no statistically significant results.
The reverse contrast (dyslexics Ͼ controls) revealed one cluster in left middle temporal gyrus (BA 21), but nothing survived the nonstationary cluster correction. Hence, there were no regions in which dyslexics consistently showed more GMV.
WMV whole-brain comparisons
Parallel analyses were performed for white matter VBM data. For the controls Ͼ dyslexics age-matched comparison, eight clusters were identified (height threshold p Ͻ 0.01 uncorrected, FWE cluster corrected p Ͻ 0.01; Fig. 1B ; Table 3 ). The four lefthemisphere clusters were all located in frontal cortex: paracentral lobule extending into medial frontal gyrus, white matter underlying the middle frontal, precentral, and the superior frontal gyri. Four right-hemisphere clusters were identified: middle frontal gyrus, an area medial to the precentral gyrus, subgyral temporal (medial to mid/posterior middle/superior temporal cortex), and a region just anterior to the thalamus. When the nonstationary cluster correction ( p Ͻ 0.01 corrected) was applied here, only the area around the right precentral gyrus remained significant.
The reverse contrast (dyslexics Ͼ controls) revealed no significant results for either the FWE or nonstationary cluster corrections.
For the reading level-matched comparison, the controls Ͼ dyslexics contrast revealed no significant results (height threshold p Ͻ 0.01 uncorrected, FWE cluster corrected p Ͻ 0.01). The reverse contrast (dyslexics Ͼ controls) revealed a single cluster just posterior to the right putamen. However, there were no significant results when applying the nonstationary cluster correction ( Fig. 1B; Table 3 ). Together there were no regions where WMV differences were consistently observed between dyslexics and both of the control groups.
Gray matter ROI comparisons
Regions shown to differ in GMV between the dyslexics and their age-matched controls (Table 2 , top) were applied to the images from the comparison of the dyslexics with the reading levelmatched controls, and statistics were performed on the data extracted from these regions. This provided an additional opportunity to probe for between-groups differences between dyslexics and controls when matched for reading ability in brain regions where such differences should be most likely (because of the outcome from the dyslexic vs age-matched comparison).
Of the five total clusters showing significant differences in GMV between dyslexics and controls from the age-matched group, only the right precentral gyrus showed a significant difference between the reading level-matched groups (two-sample t tests, p Ͻ 0.05 Bonferroni-corrected for multiple comparisons; Fig. 2 ). As noted above, the right precentral gyrus was significant for the between-group analyses using both types of control groups at the level of the whole brain, so this ROI approach did not yield any additional regions. Using a non-Bonferronicorrected p value of p Ͻ 0.05 did not result in any additional significant clusters.
White matter ROI comparisons
Of the eight clusters showing significant differences in WMV between dyslexics and controls from the age-matched group, none showed significant differences between the reading levelmatched groups ( p Ͻ 0.05, Bonferroni-corrected for multiple comparisons; Fig. 2 ). Using a non-Bonferroni-corrected p value of Ͻ0.05 here did not result in any additional significant clusters.
Gray and white matter ROI comparisons in the younger and older control groups to test for age-dependent differences Our results suggest that while less GMV and WMV is observed in dyslexia when compared with an age-matched control group, most of these do not manifest when the dyslexics are compared with a reading level-match control group. In fact, the results in the control groups in Figure 2 suggests an age-dependent growth in some of these regions and therefore give rise to the possibility that dyslexics differ due to absence of this kind of GMV or WMV growth, rather than being different in dyslexia to begin with. To directly test for age-dependent increases in GMV in our two typ- Gray and white matter intensities in ROIs. A, Average GMV intensity within ROIs (identified in the whole-brain, age-matched controls Ͼ dyslexics GMV comparison). For the dyslexic versus control comparisons in groups matched on age, all ROIs were, as expected, significantly different. However, when comparing the same dyslexics with a younger control group matched on reading level, most areas failed to show a difference. To probe for a possible role for age-related changes in the typical readers, the right chart shows between-group differences in GMV in the younger versus older control group in these same ROIs. B, Average WMV intensity within ROIs (identified in the whole-brain, age-matched controls Ͼ dyslexics WMV comparison). As above, all ROIs were significant in the comparisons of dyslexics and controls matched on age, as expected. There were no significant differences in these ROIs when comparing the dyslexics with controls matched on reading level. Again, the right chart gauges differences that exist between younger and older typical readers, this time in WMV. Like above, there was a trend for age-related differences in these regions, with left middle frontal gyrus and superior frontal gyrus being statistically significant. *p Ͻ 0.05 Bonferroni corrected for multiple comparisons. #p ϭ 0.05 Bonferroni corrected for multiple comparisons.
ically reading control groups, we interrogated the same ROIs resulting from the comparisons of dyslexics with age-matched controls in the two control groups. These between-group analysis procedures were the same as above. Preprocessing was conducted for just the two control groups (to generate a study-specific template, which is why the data are replotted on the right side of Fig.  2 ). All other aspects of the analysis were identical to those for the above described comparisons between the dyslexic and reading level-matched control group. Again, total intracranial volume, total gray matter, or total white matter did not differ between the two groups and was not entered into the analysis. We found that all five ROIs trended toward greater GMV in the older control group (i.e., the group previously serving as the age-matched group for the dyslexics) compared with the younger group (reading level-matched control for the dyslexics). The right middle frontal gyrus showed a significant difference (two-sample t tests, p Ͻ 0.05 Bonferroni-corrected for multiple comparisons; Fig. 2 ) and right anterior superior temporal gyrus was significantly different between groups when using a non-Bonferroni-corrected p value of p Ͻ 0.05.
As with the GMV ROIs, the eight WMV ROIs were used to conduct comparisons of the two control groups. Again, each of the ROIs showed a trend for greater WMV in the older control group compared with the younger control group. Left superior frontal gyrus and left middle frontal gyrus proved to be significantly different between the two control groups ( p Ͻ 0.05 Bonferonni-corrected for multiple comparisons; Fig. 2 ). Right thalamus, precentral gyrus, and middle frontal gyrus also survived significance testing using a non-Bonferonni-corrected p value of p Ͻ 0.05.
Discussion
The goal of this study was to gain insights into the source of the differences in GMV and WMV in dyslexia, previously reported in anatomical MRI studies using VBM. Specifically, we asked whether these neuroanatomical anomalies can be attributed to dyslexia per se, or are due in part to the altered and likely impoverished reading experience that is concomitant with dyslexia. The reading level-matched design has been used to gauge differences between dyslexics and nondyslexics while at the same time taking their lower reading level into consideration. This approach addresses the concern that reading itself may bolster some of these same features that are associated with reading disability, in this case GMV or WMV. As such, these anatomical measures could be relatively different in dyslexics compared with their peers as a consequence (and not a cause) of their reading disability; in other words, as a function of growth in typically reading children, but not in dyslexic children.
In the first analysis, we compared dyslexic children with agematched controls to establish consistency with prior publications. The second analysis provided the novel contribution, comparing the same dyslexic group to younger controls matched on reading ability while using the same whole-brain VBM approach used in prior publications. The results revealed that most regions identified in the age-matched analysis did not emerge as different when we controlled for reading level. We conclude that the previously observed GMV and WMV differences in dyslexia assessed with VBM are in large part a reflection of their lower reading level.
A notable example of consistency between the first analysis and the published literature is less GMV in dyslexics in left middle temporal gyrus extending into left superior temporal sulcus, as previously reported in studies of children (Hoeft et al., 2007) and adults (Brown et al., 2001; Silani et al., 2005; Vinckenbosch et al., 2005) , and in a meta-analysis (Richlan et al., 2013) . The proximity of this area to regions that support phonological processing (Pugh et al., 2000 Jobard et al., 2003; Frost et al., 2009 ) has always been considered logical, given that phonological processing is a principal dysfunction in dyslexia (for review, see Peterson and Pennington, 2012) . Regarding WMV, the comparison of dyslexics with age-matched controls revealed several bilateral frontal regions, as well as clusters located in the right temporal lobe and anterior to the thalamus. This is consistent with previous VBM studies showing lesser left frontal WMV in dyslexics compared with controls (Eckert et al., 2005; Silani et al., 2005) .
While the results from the age-matched comparison confirm the previous literature, they do not speak to the nature of the relationship between reading, dyslexia, and brain anatomy. The reading level-matched control group in the second analysis offers insight and demonstrates that many of the differences are, in part, likely related to reading experience. Only the right precentral gyrus GMV difference was replicated in our reading levelmatched comparison. Our result of only a single brain region surviving across both control group comparisons is not unlike the single focus (left inferior parietal lobule) revealed by Hoeft et al. (2007) when using functional MRI data to determine the ROIs. The right precentral gyrus has been shown to differ in prior studies of dyslexia using age-matched controls in children (Hoeft et al., 2007; Jednoró g et al., 2013) and an ROI analysis in adults (Menghini et al., 2008) . Menghini et al. (2008) discussed the precentral gyrus anomaly in the context of motor system and motor learning in dyslexia (Nicolson et al., 2001; Menghini et al., 2006 Menghini et al., , 2008 , while Jednoró g et al. (2013) focus their explanation on problems with articulatory feedback. Other findings observed in the age-matched comparison, including reduced left middle/ superior temporal GMV in the dyslexics, did not replicate in the reading level-matched comparison. Our data suggest that GMV differences in dyslexia are to some degree a product of the increase that occurs in typical readers during reading acquisition, and this may not occur in dyslexia because of their degraded reading experience. This impoverished reading experience likely includes both spending less time reading, and reading qualitatively different due to difficulties in naming and decoding of words.
The notion that learning to read bolsters GMV is supported by studies demonstrating GMV increases following experiencedependent behavioral improvement (Draganski et al., 2004 (Draganski et al., , 2006 Boyke et al., 2008; Driemeyer et al., 2008; Ilg et al., 2008; Krafnick et al., 2011) . Specific to reading, work in illiterate populations suggests that functional and anatomical changes are associated with reading experience (Castro-Caldas et al., 1998 Carreiras et al., 2009; Dehaene et al., 2010) . In particular, adults who were illiterate but then learned to read as adults showed greater GMV in temporoparietal regions (including posterior middle temporal gyrus) compared with illiterates (Carreiras et al., 2009) , suggesting a learning-induced increase due to reading.
It is noteworthy that the majority of dyslexia studies have been conducted in adults, which means the control groups in these studies have experienced many years of reading, presumably leading to experience-dependent neuroanatomical change. It is this anatomical outcome that could be driving the results reported between adult dyslexics and controls. Pediatric studies, of which there have only been three (matching on age but not on reading level), have the advantage of minimizing this impact (i.e., experience-dependent growth in GMV in the controls will not be as large in children). The ROI analysis between our two control groups revealed an age-dependent increase in GMV in the control groups (statistically significant in right middle frontal gyrus, an observation that holds when the analyses are conducted at the whole-brain level), and that this was in part (but not entirely) driving the significant between-group differences in the dyslexic versus age-matched control comparison. Interestingly, the apparent growth in these areas in our control subjects occurs during a time when there is a general decrease in GMV in the brain (Giedd et al., 1999; Wilke et al., 2007) , suggesting an experiencedependent change in the opposite direction of age-specific changes. Indeed, cortical thickness studies have shown a decrease with age in the majority of the brain, while perisylvian regions involved in language show growth (Sowell et al., 2004) , and these increases correlate with improving phonological skill (Lu et al., 2007) . The developmental trends observed in our ROIs might be more pronounced in older children who have had relatively more opportunity to exercise their reading skills. Longitudinal studies of dyslexia will be critical in addressing this question of cause versus consequence, but are unavailable at this time.
The observations from the current study inform the ongoing conversation on the developmental scenario of dyslexia. It has been suggested that genetically driven microstructural changes thought to arise during prenatal cortical development (Galaburda et al., 1985 (Galaburda et al., , 2006 give rise to gross anatomical differences, measured here as less GMV. However, altered neuronal migration (leading to altered cell distribution across the layers of cortex) would not necessarily lead directly to differences in GMV measured in VBM; rather, they could disrupt the local circuitry in those regions. As such, ectopias (or another factor) may hinder normal acquisition of phonological processing skills, resulting in the impoverished reading experience in dyslexia and with it an absence of experiential growth of GMV. Critically, it is in large part consequential to poorer reading that dyslexics have less growth of GMV when compared with their peers. Hence, the relationship between gross and microstructural differences may or may not be direct, but is in part mediated by reading experience. Notably, there is compelling work using a mouse model that shows that the induction of ectopias results in deficits in auditory temporal processing, a critical prerequisite for phonological skills (Fitch and Tallal, 2003) . This also raises the issue that our findings (and many of the prior reports discussed above) are based on a voxel-based, volumetric approach, and we cannot exclude the possibility that other methods, such as those involving connectivity, cortical thickness, or cortical pattern analyses, may reveal differences that are consistent across both the agelevel and reading-level comparisons. Certainly our results provide an important context by which to interpret the increasingly large literature on GMV and WMV voxel-based neuroanatomical differences in dyslexia.
Our approach may also need to be applied to other learning disabilities and developmental disorders where differences in brain volume are often interpreted as causal. In reading specifically, there is a growing literature suggesting that literacy acquisition has wide-ranging effects on behavior (Szwed et al., 2012) , neuroanatomy (Castro-Caldas et al., 1998 Carreiras et al., 2009) , and brain function (Dehaene et al., 2010) . When considering the use of brain structure for diagnostic purposes, it is important to recognize that some of the differences associated with dyslexia may not be revealed until experience-dependent discrepancies have taken effect.
